Abstract-Multiple-input-multiple-output (MIMO) technique for wireless communications is extensively used these days, especially to increase the spectral efficiency of new wireless communication systems like LTE, WiMAX, etc. MIMO in combination with robust modulation techniques like orthogonal frequency division multiplexing (OFDM) provides a good solution for high data rate wireless links. In this paper, the performance of MIMO for a 60 GHz OFDM radio over fiber link is analyzed. System performance of the MIMO system for different antenna spacing is also studied. Using the optimum system parameters, a MIMO OFDM wireless link of up to 51 Gb/s was successfully demonstrated at 60 GHz in a bandwidth of <7 GHz, with a wireless transmission distance of up to 4 m and optical fiber transmission of 1 km. To our knowledge this is the highest data rate demonstrated in the 7 GHz band of 60 GHz.
I. INTRODUCTION

D
EMAND for wireless data capacity is constantly increasing with the next generation smart mobile devices and new bandwidth-intensive user applications such Facebook, YouTube, Netflix, etc., which have revolutionized the way mobile communications are used. With the recent advances in cloud computing/network storage the requirement for high capacity bandwidth is increasing. Other than in mobile phones, wireless communications are also playing an important role in other consumer electronic devices like TVs, tablets, etc., where very high speed wireless links are required for applications such as HD-video streaming, instant back-up over the air, and other multi-media rich applications. The current wireless systems in the lower frequencies providing wireless services like LTE, and WiFi 802.11n, etc., have a bandwidth of few tens of MHz. Consequently, these wireless systems use the most advanced techniques like multiple input multiple output (MIMO), OFDM, modulation formats of up to 256 QAM in an attempt to offer higher transmission data rates. However, the FCC and other regulatory bodies have freed up to 7 GHz of unlicensed spectrum in the millimeter wave (MMW) band of 60 GHz for wireless access. The huge bandwidth available in this band provides a promising solution for high capacity multi-Gb/s wireless communication, which far exceeds the performance of existing wireless systems.
One of the limitations of such high frequencies like 60 GHz is huge attenuation, which limits the wireless coverage and distribution of these wireless signals pose a challenge. Radio over fiber (RoF) technology with its huge bandwidth is a good solution for the generation and distribution of high bandwidth 60 GHz wireless links [1] - [6] . Until now several techniques were proposed to generate and distribute high capacity wireless links in the 60 GHz band using several advanced modulation formats [2] - [6] . Till now, up to 31 Gb/s wireless links at 60 GHz using OFDM modulation was demonstrated [4] . It is well-known that multiple-input-multiple-output (MIMO) techniques can achieve system capacity that exceeds the Shannon's limit. MIMO is currently used in most of the wireless communication systems like LTE -the 4 th generation cellular technology, WiMax, WiFi, etc., for providing increased capacity and robustness. MIMO can provide either increase in the wireless capacity by implementing multiple antennas at the receiver and transmitter sides and employing spatial multiplexing [7] - [9] or it can provide system robustness by employing antenna diversity [10] . Hence implementing MIMO for 60 GHz wireless systems can effectively increase the capacity or robustness of the systems.
MIMO for 60 GHz has attained considerable interest and recent results demonstrate several systems operating in MIMO mode at 60 GHz [11] - [14] . All these systems operate at only a few Gb/s and recent work reported up to 27.15 Gb/s using 60 GHz MIMO with a RoF system employing double sideband single carrier (DSB-SC) signals [6] . To the authors' best knowledge, this paper is the first demonstration of a MIMO RoF system employing OFDM modulation at 60 GHz. The higher spectral efficiency of OFDM and its robustness to multi-path effects make it a highly suitable modulation format to be implemented in combination with MIMO. MIMO 0733-8716/13/$31.00 c 2013 IEEE typically requires multi-path environment for providing the capacity gain, but recent studies [15] - [17] have proved that for optimum antenna spacing, MIMO performance in LOS can surpass a typical Rayleigh faded channels. In previous work we have demonstrated both OFDM and single carrier modulation formats based RoF systems, and we observed that OFDM is robust to the non-flat frequency response of the RoF link [6] .
In this paper, we study the performance of a 2×2 spatially multiplexed MIMO-OFDM system employing a 60 GHz RoF system. Based on the optimum system parameters record wireless data speeds of up to 51 Gb/s (2×25.5 Gb/s) were achieved using 16 QAM modulation within 6.375 GHz bandwidth. This result represents a very high spectral efficiency of 8 b/s/Hz.
II. OPERATING PRINCIPLE OF 2×2 MIMO FOR OFDM
In MIMO communication systems, multiple antennas are located at either side of the link; where an M ×N MIMO system consists of M transmit antennas and N receive antennas. The M transmitted signals are received by the N receivers, where after MIMO decoding the transmitted signals can be recovered. Uncorrelated wireless paths between the transmitters and the receivers are required for distinguishing the received signals and hence for proper operation of MIMO systems. When MIMO is implemented with spatial multiplexing, spacetime codes provide increase in capacity for fixed power and bandwidth, and the maximum capacity increase is determined by the minimum number of antennas (min(M, N )) in the MIMO system [7] - [9] . Fig. 1 shows the block diagram of an M × N MIMO communication system using OFDM modulation with training symbols for wireless channel estimation. The transmitter and receiver are divided into two blocks, namely: the OFDM modulation/demodulation part and the MIMO decoding part. The blocks performing OFDM modulation and demodulation are similar to any OFDM based communication system [18] , [19] . For the M × N MIMO-OFDM signal generation, M independent data streams were generated and each data stream mapped to a digital modulation format. These M serial data streams were converted to parallel followed by inverse fast Fourier transformation (IFFT), which was applied to generate multiple complex time domain streams, and form the OFDM carriers. In OFDM modulation, the cyclic prefix is inserted between each OFDM block to overcome inter symbol interference. After the insertion of the cyclic prefix and subsequent digital to analogue conversion, M independent RF streams each containing independent data are generated, representing H spatially multiplexed MIMO channels.
At 
Where y j [k] represent received signal for the j th receiver antenna at the k th sub-carrier. w j [k] denote the additive complex Gaussian noise for the j th receiver antenna. Using the Zero-Forcing (ZF) algorithm [7] , the transmitted data can be recovered by inversing the estimated channel matrix as:
From the eqn. 2, the estimation of the channel matrix is the most important part of the MIMO-OFDM demodulation process. The channel estimation is performed by using training symbols. Considering an example of a 2×2 MIMO system, a special arrangement of training symbol is implemented by switching between the on-off positions as shown in Fig. 1 (left) [20] . The received signals then corresponding to either the first or the second training symbol time, which can be expressed as eqn. 3:
Form the above matrices in eqn. 3, the channel coefficients can be estimated by appropriate training symbols and the transmitted data can be recovered by using the ZF algorithm. The estimated channel matrix can be expressed as:
From the MIMO demodulation process described previously, it can be noted that the channel matrix plays a crucial role in the MIMO system performance, and for a better performance, the channel matrix should be well conditioned, which means significant de-correlation between the transmitted signals is required. The condition of the channel can be quantified using the parameter channel Condition Number (CN), which can be defined as the ratio between the maximum and minimum singular values (using singular value decomposition SVD) of the channel matrix [21] .
Whereλ i is singular value of channel matrix. H is said to be well-conditioned if the CN is close to 1 and ill-conditioned if the CN is close to infinite. The CN impacts the MIMO performance, and for higher CN channels, the required SNR to achieve the same capacity increases, causing significant reduction in the performance of the MIMO system.
III. EXPERIMENTAL SET-UP Fig. 2 schematically depicts the experimental setup of the implemented 60 GHz RoF system [22] for generation and transmission of a 2×2 MIMO OFDM signal. Using an arbitrary waveform generator with a sampling rate of 12 GS/s the in-phase and quadrature-phase components of an OFDM signal were generated, with a maximum RF bandwidth of 3.5 GHz each. The OFDM QAM signal consists of 74 subcarriers within the 7 GHz bandwidth, and 1/8 cyclic prefix to mitigate inter symbol inference induced by the system.
The OFDM signals were then up-converted to 25 GHz using an electrical I/Q mixer as shown in inset (i) of Fig. 2 . In order to generate a 60 GHz OFDM signal from optical heterodyne in the photo detector, the 25 GHz OFDM signal was combined with another 35.5 GHz carrier signal as shown in inset (ii) and (iii) of Fig. 2 . The RF signals were then used to modulate an optical carrier at 1550 nm generated using a Distributed Feedback (DFB) laser, in a Mach-Zehnder modulator with a 3-dB bandwidth of ∼50 GHz. To achieve the 60 GHz RF signal, the Mach-Zehnder modulator (MZM) was biased at its minimum point to generate a carrier suppressed optical signal, as shown in Fig. 3(a) . The optical signal at the output of the MZM was amplified using an Erbium Doped Fiber Amplifier (EDFA) with a nominal gain of 20 dB. To generate two independent signals for a 2×2 MIMO system, the optical signal was split equally using a 3 dB coupler, and the two resulting signals de-correlated by delaying one of the signals using a 1 km optical fiber. The now de-correlated optical signals were individually photo-detected using a 60 GHz photo-detector to generate a 2×2 MIMO-OFDM signal at a carrier frequency of 60.5 GHz. The 60 GHz signals were radiated using standard horn antennas with a gain of ∼24 dBi.
To compensate for the uneven gain of the two RF paths, and to maintain the same RF output power at the two antennas, the optical power into the photo detectors for channel 1 and channel 2 were set to −2 dBm and −3.5 dBm respectively. At the receiver two horn antennas were used to receive the 2×2 MIMO signals, and later amplified using a low-noise amplifier.
The two received signals were down-converted to two separate IF signals at 4.5 GHz as shown in Fig. 2 . The 4.5 GHz IF signals were later sampled at a rate of 40 GS/s using a digital sampling scope, and demodulated using a PC based offline digital signal processor.
IV. EXPERIMENTAL RESULTS AND DISCUSSIONS
Over the air wireless transmission measurements of 60 GHz 2×2 MIMO system were performed in a typical laboratory (dimensions: 7.5 × 6.88 m). The floor plan of the laboratory and the possible signal radiation paths for a 2×2 MIMO system are shown in Fig. 4(a) . The transmitters and receivers were placed on two tripods, at a height of 1.3 m above the floor. At the receiver side, the two antennas were separated by a fixed distance of ∼5 cm, which was the minimum separation distance allowed by the bulk horn antennas employed, and which was sufficient to avoid coupling-induced correlation between the antennas [13] . From the geometrical calculations (for Tx antenna separation of 17 cm and Rx separation of 5 cm) we found that the minimum beam width (θ 1 , θ 2 ) as shown in Fig. 4(b) , required for radiating on both the receiver antennas is far less than the 3-dB beam width of the antennas used, which is around 30 degrees. To ensure MIMO is correctly implemented, the transmit antennas were angled in such a way to receive strong 60 GHz signals at both the RF antennas from each transmitter antenna as depicted in Fig. 4(b) .
During the whole experiment, both transmit antennas were angled such that they always faced towards the center of the two receive antennas. We investigated the impact of transmit antenna separation, the wireless transmission distance and optical fiber transmission on the performance of the MIMO system.
The effect of receiver antenna separation was modeled by calculating the condition number for different receiver and transmitter antenna spacing. From the simulation results shown in Fig. 5 , it can be observed that the impact of the receiver and transmitter antenna separation can be interchanged resulting in the same condition number. However, it should be noted that in practical implementations of 60 GHz wireless access systems, transmitter antennas will be integrated inside The channel condition number for different transmitter antenna separations in a 2×2 MIMO 60 GHz wireless link at different receiver to transmitter distance evaluated experimentally (a) and using simulations (b).
the user equipment, providing for fixed and close antenna spacing. On the other hand, there may be more room in the 60 GHz access point to spread the transceiver antennas further apart as desired.
First, the optimum antenna separation between the transmit antennas was investigated. Fig. 6(a) shows the measured condition number of the 2×2 MIMO signal plotted against the separation between the transmit antennas for different wireless transmission distances. The CN obtained was the average of all the 74 sub-carriers and was calculated from the estimated parameters of the 2×2 MIMO channel matrix.
The effect of transmitter antenna separation was simulated for various wireless transmission distances and plotted as shown in Fig. 6(b) . It can be observed that the lowest condition number was obtained anywhere between 12 cm to 18 cm of antenna separation, and variation in condition number over the 6 cm range was minimal. From these results we chose 17 cm to be the optimal antenna separation for most of the wireless transmission distances. Due to physical limitations of the experimental set-up transmitter antenna separation below 17 cm were not implemented.
With the transmit antenna separation fixed at 17 cm, wireless transmission experiments using the 60 GHz 2×2 MIMO OFDM system were performed with different modulation formats like QPSK, 8 QAM, 16 QAM and 32 QAM over the whole 7 GHz of available bandwidth. Fig. 7 summarizes the bit-rates possible for the MIMO system with different modulation formats and their corresponding calculated bit error ratios. From Fig. 7 it can be seen that for 7 GHz bandwidth, 28 Gb/s using QPSK modulation and 42 Gb/s using 8 QAM modulation were achieved with the BER complying with the FEC thresholds, whereas the higher modulation formats like 16 QAM (56 Gb/s) and 32 QAM (70 Gb/s) failed to meet the BER requirements. To overcome the distortion limitations faced by the 7 GHz wide spectrum, the bandwidth of the OFDM signal was reduced to 6.375 GHz. This allowed the with a higher data-rate of 51 Gb/s. This record wireless data transmission speed corresponds to a high spectral efficiency of 8 b/s/Hz.
To further understand the performance limitations of the proposed MIMO system, several experiments were performed for varying wireless transmission distances as well as different optical fibre transmission distances.
The wireless transmission distance was varied from 2.5 m to 4 m, whereas the fiber transmission distances of 500 m and 1200 m were considered. Fig. 8 shows the BER plots of the 60 GHz 2×2 MIMO-OFDM QPSK signal, plotted against the received RF power at different wireless transmission distances. The separation between transmit antennas was fixed at 17 cm from Fig. 6 . From 2.5 m to 4 m of transmission distance, only 1 dB of received power penalty was recorded for a BER of 10 −3 . This result, in combination with the results shown in Fig. 5 indicates that the transmitter antenna separation had more impact on the performance of the MIMO system than the wireless transmission. Fig. 9 shows the BER plots of the 60 GHz MIMO-OFDM QPSK signals with a wireless transmission of 4 m and with variable fibre transmission distances. Comparing no fibre transmission case with 500 m and 1200 m fiber transmission as shown in Fig. 9 , it can be observed that no significant penalty was induced by fibre transmission up to 1200 m. Fiber transmission of about 1 km is sufficient for typical indoor deployment scenarios. Similar tests were performed with the 51 Gb/s MIMO system, with 6.375 GHz bandwidth and 16 QAM modulation format, and a fiber transmission of 1200 m. Fig. 10 summarizes the BER results plotted against the RF received power. From Fig. 9 and Fig. 10 it can be observed that 16 QAM modulation format required 10 dB more received RF power compared to QPSK to achieve the same BER threshold of 10 −3 but with almost twice the bit-rate. The received power levels indicate that there was sufficient RF power budget to accommodate longer wireless transmission distances. The slight difference (0.3 × 10 −4 ) in the BER between 2.5 and 4 m on one hand and 3 and 3.5 m on other hand as observed in Fig. 10 is attributed to the slight variations in the CN of the different wireless transmission distances for the same 17 cm transmitter antenna separation as shown in Fig. 6(b) in addition to the tolerance of the experimental set-up. In any case all wireless transmission distances achieved BER performance well below the FEC limit. The objective of this experimental investigation was not focused on quantifying the performance differences between various wireless transmission distances, but on demonstrating the feasibility of realizing RoF signal generation and distribution of high data-rate 60 GHz MIMO signals. Fig. 11 shows the constellation diagrams of the MIMO-OFDM 16 QAM system for the wireless transmission distances between 2.5 m to 4 m and BER < 10−3. As can be seen from the Fig. 11 , the constellation diagrams were clear in all cases.
V. CONCLUSION
We experimentally investigated the performance of a 2×2 spatially multiplexed MIMO radio-over-fiber system operating at 60 GHz. The results show that the performance of the 60 GHz MIMO system depends on the antenna separation distance at the transmitter. A record wireless data transmission speed of 51 Gb/s over 4m wireless distance was successfully demonstrated by using an optimal antenna separation of 17 cm at the transmitter. A high spectral efficiency of 8 b/s/Hz was achieved. Data-rates higher than 51 Gb/s were also tested, but their performance was found to be above the FEC coding threshold We investigated different fiber transmission distances and observed that there was no penalty for fiber transmission distances of up-to 1.2 km, which are sufficient for typical indoor deployments. The received power levels and their corresponding BER plots indicate that there was sufficient power budget to further increase the wireless transmission distance beyond 4 m. Chia-Chien Wei received his Ph.D. degree in electro-optical engineering from National Chiao Tung University, Taiwan, and his Ph.D. degree in electrical engineering from the University of Maryland, Baltimore County, USA, in 2008. In 2011, he joined National Sun Yat-sen University, Taiwan, where he is currently an assistant professor in the Department of Photonics. His current research interests include optical and electrical signal processing, advanced modulation formats, optical access networks, and radio-over-fiber systems.
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